incidence of hypertension, type 2 diabetes mellitus, dyslipidemia, atherosclerosis, and obesity in the face of diminutive coronary arterial dimensions and perturbed vascular response in adult intrauterine growth-restricted (IUGR) offspring (3, 7) . This myocardial phenotypic presentation may be triggered initially by adaptive responses to inadequacy of metabolic fuels necessary for producing the energy (ATP) required for myocardial contraction. This catch-up growth phenomenon has been studied extensively in cohorts of human population (2, 22) as well as many established animal models of growth restriction (10, 19, 26, 29, 30, 34, 46, 48, 49) . Moreover, these changes could be sex and tissue specific with decrease in organ weight (11) , reduction in number of nephrons leading to hypertension and glomerulosclerosis (6) , and increased hepatic cholesterol and triglyceride content in male offspring (8) .
The fetal/neonatal myocardium relies primarily on glucose, whereas the adult myocardium usually utilizes fatty acids to generate ATP (1) .
Glucose is transported into the fetal/neonatal myocardium primarily via sarcolemma-associated facilitative glucose transporter isoform 1 (GLUT1, 50 kDa). In contrast, in the adult myocardium, the intracellular endosome-vesicular glucose transporter isoform 4 (GLUT4, 45 kDa), which is expressed sixfold higher than GLUT1 (1), translocates to the sarcolemma in response to insulin, hypoxia, and contraction and plays a major role in glucose uptake (1, 25, 35) . However, the adult myocardium under basal conditions relies mainly on fatty acids to fuel 70% of the energy metabolism (9, 16, 23, 38) .
Long-chain fatty acids are transported across bilipid sarcolemmal layers by both passive diffusion and a carrier mediated process. Based on our current understanding, a possible scenario for transsarcolemmal protein mediated uptake of albumin bound fatty acids from the circulation could entail the following multistep process. Initial aggregation of fatty acids on the sarcolemmal membrane can be mediated by plasma membrane fatty acid binding protein (FABP-pm, 43 kDa) and fatty acid translocase (FAT/CD36 protein, 88 kDa) (25, 47) . This function by FAT/CD36, a class B scavenger receptor protein, could provide the necessary gradient for initiating fatty acid transport via fatty acid transporter proteins (FATP). Intracellular FAT/CD36 is present in an endosomal compartment distinctly different from that of GLUT4 and translocates to the sarcolemma in response to insulin, hypoxia, and contraction (36) . In addition, this protein can also translocate to the outer mitochondrial membrane, thereby facilitating entry of fatty acids into the mitochondrial matrix toward enzymes that cat-alyze ␤-oxidation (37, 39) . Both the cardiac-specific FATP6 (FATP6, 70 kDa; colocalizes with FAT/CD36) and the insulinresponsive FATP1 (71 kDa) are instrumental in transporting fatty acids across sarcolemmal bilipid membranes (1) . Cytoplasmic fatty acid binding protein (FABP-c, 15 kDa) then assists in moving fatty acids from the inner sarcolemmal layer into the cytoplasm (25) for subsequent activation by acyl-CoA synthetases and mitochondrial ␤-oxidation or storage in the form of triglycerides.
We therefore hypothesized that IUGR and/or postnatal growth-restricted (PNGR) adult offspring would demonstrate adaptive perturbations in myocardial fatty acid and glucose transporters to overcome diminished substrate availability prompted by early nutritional restriction. These perturbations would, in turn, contribute toward the protection of myocardial function during subsequent hypoxic exposures. We tested this hypothesis in a well-characterized calorie-restrictive rat model of IUGR and PNGR (44) and focused primarily on the pregestational young female adult, since phenotypic inheritance to the next generation has been demonstrated (31, 42) . It has been characterized in a well-established model of intrauterine growth restriction that offspring of embryos, reproduced by a female exposed to both in utero and postnatal growth restriction and transferred to a normal female, still exhibit metabolic derangements, including altered fasting glucose levels and hyperinsulinemia (42) .
METHODS
Animals. Sprague-Dawley rats (60 days old, 200 -250 g) (Charles River Laboratories, Hollister, CA) were housed in individual cages and exposed to 12:12-h light-dark cycles at 21-23°C. Each animal had ad libitum access to standard rat chow. The National Institutes of Health guidelines were followed as approved by the Animal Research Committee of the University of California, Los Angeles.
Maternal calorie restriction model. Pregnant rats (semi-nutrient restricted) received 50% of their daily food intake (11 g/day) beginning from day 11 (d11) through d21 of gestation, which constitutes mid-to late gestation, compared with their control counterparts, who received ad libitum access to rat chow. Both groups had ad libitum access to drinking water.
Postnatal animal maintenance. At birth, the litter size was culled to six. Newborn rats were cross-fostered to be reared by either a mother who continued to be semi-nutrient restricted (20 g/day food intake) through lactation (44) or a control mother with ad libitum access to rat chow. This scheme resulted in four groups, with control mothers rearing control (CON) or prenatally semi-nutrient restricted pups (IUGR), and pre-and postnatally semi-nutrient restricted mothers rearing prenatally semi-nutrient restricted pups (IPGR) or control pups (PNGR) ( Table 1) . Pups were weaned to standard rat chow with ad libitum access to food at postnatal day 21 onward and maintained in individual cages (44) .
In vivo insulin administration. At day 60, female animals from all four experimental groups received either vehicle or insulin (8 U/kg) intraperitoneally (27) . Animals were deeply anesthetized with inhalational isoflurane after 20 min, a predetermined optimal time point (27, 44) for peak plasma insulin concentration, blood samples were collected, and hearts and skeletal muscle were harvested following euthanasia.
Assessment of plasma metabolites. Plasma was separated in the collected blood samples and analyzed for glucose by the glucose oxidase method and free fatty acids by a colorimetric assay (50) . Insulin and adiponectin were assessed by double-antibody radioimmunoassay using rat standards and anti-rat insulin and adiponectin antibodies (Linco Research, St. Charles, MO; sensitivity for insulin ϭ 0.1 ng/ml and adiponectin ϭ 0.16 ng/ml).
Myocardial and skeletal muscle homogenate preparation. Myocardium and skeletal muscles were rapidly separated from surrounding tissues, washed, quickly snap-frozen in liquid nitrogen, and stored at Ϫ70°C. Homogenates were prepared as previously described (43) . Briefly, tissue was powdered under liquid nitrogen and homogenized with 15 strokes in a tight-fitting Potter-Elvenjhem homogenizer in cell lysis buffer (1:8 wt/vol; Cell Signaling; Danvers, MA), containing 20 mM Tris·HCl, 150 mM NaCl, 1 mM Na 2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM Na3VO4, 1g/ml leupeptin, 1% IGAPAL, 0.5% sodium cholate, 1% protease inhibitor cocktail (Sigma P8340), 1 mM PMSF, and sodium fluoride. These homogenates were centrifuged at 3,000 rpm at 4°C for 15 min and the supernatant sonicated (15 s ϫ 3), centrifuged at 10,000 rpm for 15 min, and collected for determination of protein concentration by Bio-Rad assay prior to storage at Ϫ70°C.
Myocardial subfractionation. Plasma membrane (PM) subfractions were isolated as previously described and the relative purity confirmed (13) . Briefly, 1 g of tissue was thawed in 250 mM sucrose, 1 mM EDTA, 100 M PMSF (pH7.4) (buffer A), homogenized on ice with a Brinkman polytron at setting 3 for 30 s, then further homogenized with 15 strokes of a Teflon pestle, and centrifuged at 17,000 g for 30 min. The supernatant was removed and centrifuged at 48,000 g for 30 min, this supernatant was then recentrifuged at 250,000 g for 1 h, and the pellet was collected. This pellet was resuspended in 1-2 ml of sucrose buffer and layered on a 38% sucrose cushion (38 g/100 ml sucrose, 20 mM HEPES, 1 mM EDTA, pH 7.4) and then centrifuged at 100,000 g for 65 min (ultracentrifuge, Beckman SW28, 22,500 rpm). The opaque white interface was carefully removed and diluted in buffer A and centrifuged at 17,000 g for 10 min to obtain the PM subfraction. These PM subfractions were sonicated (60 sonic, Dismembrator; Fisher Scientific, Pittsburgh, PA) using two 50-s cycles of 5-7 W. The resulting suspension was centrifuged at 10,000 g at 4°C for 10 min and stored at Ϫ70°C until Western blot analysis. The purity of these subfractions was validated as previously described, employing spectrophotometric assays for marker enzymes consisting of the K ϩ -sensitive p-nitrophenolphosphatase for the sarcolemma and the EGTA-sensitive Ca 2ϩ ATPase as a marker for assessing contamination by the sarcoplasmic reticulum (5, 18) .
Western blot analysis. Twenty-five to fifty micrograms of myocardial homogenates and 50 g of skeletal muscle homogenates were separated by SDS-PAGE and electro blotted onto nitrocellulose membranes. Membranes were then blocked in 5% nonfat dry milk in phosphate-buffered saline containing 0.1% Tween 20 (PBST) for 1 h overnight, incubated with specific primary antibodies: 1:2,500 dilution for GLUT4 (myocardium) (Abcam, Cambridge, MA), 1:100 dilution for FABP-c (Abcam), 1:1,000 dilution for FAT/CD36 (generous gift from Dr. M. Febbraio), and 1:1,000 dilution for FATP6, FATP4. and FATP1 for 1 h at room temperature or overnight at 4°C with gentle agitation. In addition, the structural protein vinculin (1:4,000 dilution of the antibody) was also assessed as the internal control to correct interlane loading variability. The membranes were Study design demonstrating the 4 experimental groups generated by crossfostering postnatal rat pups. Semi-calorie-restricted mothers received 50% of daily nutrient intake from mid-to late pregnancy (embryonic day 11 to 21) and through lactation (postnatal day 1 to day 21). Experimental groups namely control with no pre-or postnatal nutrient restriction (CON), IUGR (intra-uterine growth restriction) with prenatal nutrient restriction, PNGR (postnatal growth restriction) with postnatal nutrient restriction, and IPGR (intrauterine and postnatal nutrient restriction) with both pre-and postnatal nutrient restriction. then washed three times for 15 min each with PBST and incubated with the appropriate secondary horseradish peroxidase-conjugated antibody for 1 h at room temperature. After the membranes were washed three times for 15 min each, protein bands were visualized with the enhanced chemiluminescence method (Amersham Biosciences, Piscataway, NJ). The optimal time of exposure was predetermined to ensure that the optical densities were in the linear range for the protein concentrations employed. Quantification of protein bands was performed using the Image Quant software. Optical densities were reported as protein of interest/vinculin for all four experimental groups.
Surgical catheter placement. Eighty-five-to one hundred-day-old female rats were anesthetized with inhalational isoflurane. The surgical site was shaved, and, under sterile conditions, a skin incision was made to expose the jugular vein. Heparin-flushed catheters (Braintree scientific, Braintree, MA) were placed in the jugular vein, secured, and externalized by tunneling under the skin. Animals were allowed to recover postsurgically for a minimum of 48 h.
[ (28) . Each animal (n ϭ CON 9, IUGR 6, PNGR 3, IPGR 5) received ϳ1 ml of the infusate containing ϳ11 Ci of [
3 H]R-bromopalmitate via the jugular vein catheter over 4 min, as previously described (28) . Blood samples were collected at predetermined time points of 0, 2, 4, 6, 8, and 10 min. Animals were euthanized with pentobarbital sodium following blood collection. Myocardium, skeletal muscle [extensor digitorum longus (EDL), gastrocnemius, soleus], visceral white adipose tissue, and liver were rapidly collected and snap-frozen in liquid nitrogen. The nonmyocardial tissues served as comparison controls. Tissue extraction was conducted as previously described (20) . Briefly, 100 -200 mg of tissue was homogenized in vol/vol (2:2) of chloroform and methanol and centrifuged at 4,000 rpm for 10 min. Supernatant was collected in glass vials, 2 ml of water was added, and sample was extensively shaken and then centrifuged at 4,000 rpm for 10 min. The resulting lower chloroform phase was collected and radioactivity assessed.
2-Deoxy-[ 14 C]glucose uptake studies. Myocardial glucose uptake was estimated by measuring 2-deoxy-D-[1-
14 C]glucose 6-phosphate as previously described (15) . Briefly, under basal conditions, a subset of the female animals (n ϭ 6/group) was administered 80 Ci of the nonmetabolizable 2-deoxy-D- [1- 14 C]glucose (PerkinElmer, Boston, MA) analog via tail vein. After 45 min, animals were subjected to deep sedation via inhalational isoflurane. Blood was collected via cardiac puncture, and plasma was separated and stored at Ϫ80°C. Following euthanasia, tissues were removed, washed extensively in ice cold buffer, snap-frozen in liquid nitrogen and stored at Ϫ80°C for 2-deoxy-D- [1- 14 C]glucose uptake assessment. Briefly, frozen tissues were powdered under liquid nitrogen, suspended in 2 H2O (1:7.5, wt/vol), and homogenized using a hand-held homogenizer (Omni TH115, Marietta, GA) for 30 s ϫ 2. The homogenates were boiled for 10 min and centrifuged at 4,000 rpm at room temperature for 10 min to separate the supernatant, which was recentrifuged at 14,000 rpm for 10 min prior to undertaking resin chromatography. Supernatants were subjected to resin chromatography (1.6 g/8 ml; Dowex, Sigma Chemical) and eluted with 0.2 M formic acid/0.5 M ammonium acetate. Radioactivity in aliquots of the eluates was assessed in a scintillation counter (Beckman LS3801).
Hypoxia studies. Sixty-to eighty-day-old female rats from all four experimental groups (n ϭ 6/group) were housed in a hypoxic chamber (Oxycycler; Biospherix, Redfield, NY) for 2 (acute) or 7 (chronic) days containing 0.10 fractional inspired oxygen, resulting in an arterial partial pressure of oxygen of ϳ40 mmHg. Rats had ad libitum access to food and water and were maintained under standard 12:12-h light-dark cycles.
Echocardiographic assessment. Echocardiograms were performed on animals from all four experimental groups prior to and after hypoxic exposure. Rat electrocardiograms were obtained via standard lead II arrangement with subcutaneous platinum electrodes (Grass Instruments, Warwick, RI). Briefly, animals were lightly anesthetized with inhalational isoflurane and ultrasonically imaged with the Siemens Acuson Sequoia C256 instrument (Siemens Medical Solutions, Mountain View, CA) with a 15-MHz probe (33) . Digitized 2-dimensionally guided M-mode images were analyzed with Access Point (Freeland Systems, Santa Fe, NM) software for dimensions of the left ventricular cavity [end-diastolic dimension (EDD), end-systolic dimension (ESD)], wall thickness [posterior wall thickness (PWT) and ventricular septal thickness (VST)] during systole and diastole. Ejection times and heart rates were determined from Doppler images. Left ventricular mass was calculated from the EDD, PWT, and VST values as previously described (41) . Left ventricular fractional shortening (%LVFS) and velocity of circumferential fiber shortening (Vcf) were calculated as indexes of contractility (41) .
Statistical analysis. Data are expressed as means Ϯ SE. Analysis of variance (ANOVA) models were used to compare the different treatment groups. In the presence of significant differences, intergroup differences were validated by the post hoc Fisher's paired least significant difference test. Significance was assigned when the P value was Ͻ0.05.
RESULTS
The body weights at birth in the IUGR group were significantly less than those of CON. Whereas the IUGRs' caught up to those of the CON group, the PNGR and IPGR groups remained lower at both day 21 and day 60 ( Table 2) . Heart weights at day 2 in the IUGR group were significantly lower than those of CON, and those of the PNGR and IPGR groups were lower than those of CON at day 21 of age, whereas those of IUGR caught up to those of CON. By day 60, the same two groups, namely PNGR and IPGR, demonstrated a lower heart weight than that of CON and IUGR. Relative heart weights expressed as percentage of body weight were no different in all four groups at day 2 and day 21; however, at day 60, both IUGR and PNGR demonstrated a decrease compared with CON and IPGR ( Table 2) .
Although plasma free fatty acid concentrations trended to the lower side in all three groups vs. CON (Table 3) , triglyceride (TG) concentrations were significantly diminished in the IPGR group vs. PNGR alone. Plasma total cholesterol (TC) and unesterified cholesterol (UC) concentrations were lower in IUGR and IPGR vs. CON, with the PNGR group demonstrating values higher than IUGR's. High-density lipoprotein (HDL) concentration was higher in PNGR vs. CON and IUGR but lower in IPGR. No intergroup difference was observed in plasma adiponectin concentrations (Table 3) . Circulating glucose concentrations were observed to be lower in IUGR and IPGR groups vs. CON (Table 3) , whereas plasma insulin concentrations were lower in the IUGR and PNGR vs. CON groups (Table 3) . A 1.5-fold higher total myocardial FAT/CD36 protein concentration was seen in all three nutrient-restricted groups compared with CON (P Ͻ 0.05; Fig. 1A ). In contrast, no intergroup difference in skeletal muscle FAT/CD36 protein concentration was observed (Fig. 1B) . Again, total myocardial FABP-c concentration was higher only in PNGR (2.25-fold) and IPGR groups (2.5-fold) (P Ͻ 0.05; Fig. 1A) , with no intergroup differences observed in skeletal muscle FABP-c concentration (Fig. 1B) . A 1.5-fold higher total myocardial FATP1 concentration was observed in the IUGR group alone (P Ͻ 0.05) and a 2-fold higher total myocardial FATP6 was seen only in the PNGR group (P Ͻ 0.05; Fig. 1C ) compared with the respective CON group. Again, no intergroup differences were noted in skeletal muscle FATP1 and FATP4 concentrations (Fig. 1D) .
Next, myocardial subfractions were examined in the basal and insulin-stimulated states for insulin-responsive proteins, namely FAT/CD36 and FATP1. The basal sarcolemmal FAT/ CD36 protein concentration was higher only in PNGR vs. CON (P Ͻ 0.05). Insulin stimulation revealed a further higher concentration above that of basal in CON, IUGR, and IPGR groups (P Ͻ 0.05), with no such difference noted in PNGR (Fig. 1E) . Basal FATP1 concentration was also higher in the sarcolemma of all three nutrient-restricted groups compared with CON (P Ͻ 0.05). Insulin stimulation enhanced to even higher FATP1 concentrations than that of basal in CON, PNGR, and IPGR groups (P Ͻ 0.05), with no such change in IUGR (Fig. 1F) .
Detection of total myocardial GLUT1 at days 2, 21, and 60 revealed detectable bands at day 2 only and not at days 21 or 60 (100 g of myocardial homogenate was loaded in each lane), regardless of the experimental group examined (Fig. 2A) . In contrast, total myocardial GLUT4 protein bands were visible at all three developmental stages, with increasing intensity related to advancing age, namely at days 21 and 60 (25 g of myocardial homogenate/lane; Fig. 2A ). Myocardial total GLUT4 protein concentration was no different, although a trend toward an increase was evident in all three nutrientrestricted groups vs. CON at day 60 of age (Fig. 2B) . In contrast, myocardial sarcolemmal GLUT4, similarly to FATP1, demonstrated higher basal concentrations in all three nutrientrestricted groups compared with CON (P Ͻ 0.05). Insulin stimulation resulted in an even higher concentration above that of the respective basal state in CON, PNGR, and IPGR (P Ͻ 0.05) but not in IUGR (Fig. 2C) .
While myocardial (r ϭ 0.3, P ϭ 0.1), white adipose tissue (r ϭ 0.4, P ϭ 0.07; data not shown), and soleus skeletal muscle (oxidative fibers; r ϭ 0.1, P ϭ 0.07; data not shown) [ 3 H]Rbromopalmitate uptake was not (Fig. 3A) , gastrocnemius (Gastroc; mixed fibers; r ϭ 0.7, P ϭ 0.003), EDL (glycolytic fibers; r ϭ 0.64, P ϭ 0.003) skeletal muscle, and hepatic (r ϭ 0.9, P Ͻ 0.001) fatty acid uptake were linearly associated with the total body fatty acid clearance rate (Fig. 3, B-D) . Despite evident trends, no statistical differences were observed between the four experimental groups except for a lower soleus fatty acid uptake in the PNGR vs. IUGR and low gastrocnemius uptake in IPGR vs IUGR (Fig. 4) (Fig. 5A) . While a lower Gastroc 2-deoxy-[
14 C]glucose uptake was observed in IUGR vs. CON (Fig. 5B) , no intergroup difference in Gastroc 2-deoxy-[
14 C]glucose 6-phosphate was seen (Fig. 5B) . EDL 2-deoxy-[
14 C]glucose uptake was lower in PNGR vs. CON and higher in IPGR vs. PNGR, with an associated increase in 2-deoxy-[ 14 C]glucose 6-phosphate (Fig. 5C ). White fat (WF) 2-deoxy-[ 14 C]glucose uptake was higher in IPGR vs. IUGR with higher 2-deoxy-[
14 C]glucose 6-phosphate in IPGR vs. PNGR (Fig.  5D) . Hepatic 2-deoxy-[
14 C]glucose uptake was lower in IPGR compared with CON (Fig. 5E) . Overall, while a decrease in glucose uptake was seen in the myocardium, gastrocnemius, Cardiac parameters from echocardiography are shown in Table 4 and Fig. 6 . No significant difference was noted in the heart rate between the four groups before and after subjecting the animals to hypoxia of either 2 days (acute) or 7 days (chronic) compared with the respective CON group, except for tachycardia of IPGR during post acute hypoxia (Table 4) . Prehypoxic left ventricular mass was smaller in IPGR than in CON; however, a trend toward lower left ventricular mass was observed in all four groups post-chronic hypoxia compared with their respective prehypoxia CON (Table 4) . Ejection fraction, an estimation of cardiac function, did not change post-acute hypoxia in CON, IUGR, and PNGR but was re- duced in CON post-chronic hypoxia. In the IPGR group, post-acute hypoxia led to a greater ejection fraction; however, post-chronic hypoxia lowered the ejection fraction similarly to that seen in CON (Fig. 6) . In contrast, post-acute and postchronic hypoxia preserved the ejection fraction more so in IUGR than in PNGR (Fig. 6) , with values similar to the prehypoxia condition within the same group and in the CON group. These ejection fraction data are consistent with the Vcf data in Table 4 .
DISCUSSION
Early malnutrition during both intrauterine and postnatal life is associated with the subsequent development of dyslipidemia, insulin resistance, type 2 diabetes mellitus, and coronary artery disease, resulting in myocardial failure and mortality (3, 7) .
Myocardial disease does not occur in isolation but is a culmination of dyslipidemia, insulin resistance, type 2 diabetes, and hypertension that result in intramyocardiocyte fatty acid accumulation, which adversely affects myocardial function. Hence, the presence of insulin resistance and dyslipidemia are forerunners not only of metabolic dysregulation but also for the subsequent development of myocardial failure. Therefore, our present investigation focused on determining adaptations by the myocardial fatty acid transporter system against the backdrop of the glucose transporter system in the adult pregestational female rat offspring that were exposed to early-life caloric restriction during the intrauterine (IUGR) or postnatal (PNGR) periods or a combination of both (IPGR). We have previously demonstrated that during gestation the IUGR female rat offspring become hyperglycemic (14) and both the A: age-specific myocardial GLUT1 and GLUT4 proteins. Representative western blots of GLUT1, GLUT4, and vinculin (internal control) proteins at day 2 (CON and IUGR) and at days 21 and 60 (CON and IPGR each) . B: myocardial GLUT4 proteins. Top: representative Western blot of GLUT4 and vinculin (internal control) proteins. Bottom: densitometric quantification of GLUT4-vinculin protein concentrations expressed as %CON in all 4 experimental groups: CON (n ϭ 6), IUGR (n ϭ 6), PNGR (n ϭ 6), and IPGR (n ϭ 6). C: myocardium sarcolemmal GLUT4 protein. Top: representative Western blot of GLUT4 in the absence (Ϫ) and presence (ϩ) of insulin stimulation in all 4 experimental groups. Bottom: densitometric quantification of GLUT4 protein concentrations in the absence (Ϫ) and presence (ϩ) of insulin stimulation expressed as %CON in CON (n ϭ 6), IUGR (n ϭ 6), PNGR (n ϭ 6), and IPGR (n ϭ 6) at day 60. Fisher's PLSD ϭ *P Ͻ 0.05 vs. (Ϫ), #P Ͻ 0.05 vs. control (CON) (Ϫ). ) in 4 experimental groups: CON (n ϭ 9), IUGR (n ϭ 6), PNGR (n ϭ 3), and IPGR (n ϭ 5) at day 85-100. r and P values are depicted in individual panels.
IUGR and PNGR female offspring transmit features of hyperglycemia and insulin resistance to their naturally born offspring (14) . Given this possibility of transgenerational propagation of metabolic disturbances, it is essential to determine the metabolic adaptations present during the pregestational period prior to conception.
Our present observations of an increase in total protein expression of myocardial FAT/CD36, FABP-c, and FATP1 in the IUGR, PNGR, or IPGR group vs. CON supports the possibility of increased long-chain fatty acid transport intracellularly into the myocardiocyte (Table 5 ). Upon transport into the cell, fatty acids can be oxidized in the mitochondria toward generation of ATP or be esterified, thereby contributing toward intracellular lipid accumulation, which in turn adversely affects myocardial function (17, 24, 40) . Similarly, an increase in myocardial GLUT4 concentrations has the propensity to enhance intracellular glucose transport, which fuels ATP generation or accumulates as glycogen, resulting in myocardiopathy. In a diabetic condition, hyperlipidemia and hyperglycemia contribute in this manner to myocardiopathy, particularly since both fatty acid and glucose oxidation cannot keep up with the increased intracellular transport of these macronutrients. Thus, intracellular accumulation of these two macronutrients contributes toward lipotoxicity and glucotoxicity, thereby disrupting myocardial performance (9, 32) .
In our present studies, rather than hyperglycemia and dyslipidemia, we encountered hypoglycemia and a trend toward lower circulating concentrations of fatty acids due to early nutritional restriction. In response to a diminished circulating fuel supply, expression of the key proteins FAT/CD36, FATP1, FATP6, and FABP-c was higher. This adaptation was targeted at overcoming a potential diminution of fatty acid availability to fuel the myocardial energy metabolism. The chronic effect of early nutrient restriction led to an increase in myocardial FAT/CD36 in the IUGR, PNGR, and IPGR groups, whereas FABP-c was higher only in the PNGR and IPGR groups. In contrast, FATP1 was higher only in the IUGR, whereas FATP6 was higher only in the PNGR group (Table 5 ). The reason for this differential regulation of the various protein components of the fatty acid transport system is unknown, since assessment of myocardial long-chain fatty acid uptake with 2-bromopalmitate showed no difference among the four experimental groups. The possible explanation for this disconnect between the myocardial long-chain fatty acid uptake and expression data may be that 2-bromopalmitate has different affinities for different fatty acid transporters or maybe the free fatty acid concentrations used during the infusion were too high, thereby masking any difference. One can speculate that, in the absence of these adaptive changes in the myocardial fatty acid transport proteins, fatty acid uptake by the myocardium would have suffered, thereby adversely affecting ATP production and myocardial performance. Due to the observed changes in the myocardial fatty acid transport system, no changes in myocardial performance assessed by the ejection fraction were seen between the four experimental groups under basal normoxic conditions.
When the changes in myocardial fatty acid transport system are compared with that of glucose transport, no changes in GLUT4 concentrations were apparent in either of three groups, i.e., IUGR, PNGR, and IPGR. This observation is different from that previously reported by us in skeletal muscle, where GLUT4 concentrations were diminished in all three groups (44) . This absence of a significant change (perhaps a trend toward an increase) in myocardial GLUT4 expression is unable to preserve the glucose supply to fuel the myocardial energy metabolism in the face of low circulating glucose concentrations. In fact, myocardial glucose uptake was low in all three nutrient-restricted groups, resulting in low glucose 6-phosphate concentrations as well. Thus, unlike the fatty acid transport system that adapted to preserve the fatty acid supply, the glucose transport system failed to demonstrate a similar adaptability toward preserving the myocardial glucose supply. Our present results of myocardial GLUT4 are different from those of previous investigations surrounding either prolonged calorie restriction spanning the entire pregnancy, lactation, and beyond into adulthood until day 70 in the female rat (15) or acute uteroplacental insufficiency in days 21 and 120 male and female rats, resulting in diminished myocardial total GLUT4 expression and glucose uptake in the adult offspring (45) . These two groups even demonstrated a concomitant decline in myocardial total GLUT1 expression (15, 45) . These results contrast with our present findings of undetectable GLUT1 in CON and IPGR at days 21 and 60. Furthermore, our myocardial GLUT4 studies were confined to early nutritional restriction spanning late gestation and/or lactation only as opposed to prolonged caloric insufficiency into adulthood (15) or severe and acute fetal ischemic injury (45) .
Of these myocardial transport proteins, FAT/CD36 and FATP1, similarly to GLUT4, are localized in an intracellular endosomal compartment, and in response to certain stimuli (namely insulin, contraction, hypoxia) can translocate to the sarcolemma. Hence, we further examined the sarcolemmal content of these three proteins in particular and observed an increase of FATP1 and GLUT4 in all three groups, IUGR, PNGR, and IPGR under basal conditions. In contrast, the FAT/CD36 receptor was increased only in the PNGR group. These changes in the basal state are in response to low circulating fatty acid and glucose concentrations, the associated hypoinsulinemia, and are geared toward preserving the fuel supply necessary for myocardial energy metabolism. Insulin stimulation further enhanced the sarcolemmal content of all three proteins above the basal concentration in the CON group. The same insulin responsiveness was evident and preserved in the PNGR and IPGR groups in the case of FATP1 and GLUT4; however, the IUGR group demonstrated metabolic inflexibility by expressing resistance to insulin-induced translocation to the sarcolemma. In contrast, insulin resistance in the case of FAT/CD36 was observed only in the PNGR group, whereas the IUGR group retained insulin sensitivity. Thus, collectively, the two groups that were exposed to intrauterine (IUGR) or to postnatal (PNGR) nutrient restriction displayed insulin resistance of translocation to the sarcolemma of either FATP1 or GLUT4 in the former or FAT/CD36 in the latter group. Again, this resistance may stem from adapting to the low availability of circulating macronutrients but may constitute an attempt at protecting the myocardium from excessive accumulation of fatty acids and glucose.
In addition to insulin responsiveness of the fatty acid transport system, similar to the glucose transport system (GLUT4), both contraction in skeletal muscle and hypoxia in the myocardium can also translocate FAT/CD36 and FATP1 to the sarcolemma via activation of AMPK. Thus, hypoxia-induced translocation can potentially overcome the insulin resistance of some of these key proteins, thereby protecting the energy resources necessary for myocardial performance. To this end, we assessed the effect of hypoxia (short term over 2 days and long term over 7 days) on myocardial function, which indirectly represents the adequate availability of fuels for ATP production. Although acute exposure to hypoxia did not affect myocardial function as determined by assessing the ejection fraction, chronic exposure led to compromising the ejection fraction in the two insulin-responsive groups CON and IPGR. In contrast, the IUGR and PNGR groups demonstrated no change in the ejection fraction under acute and chronic exposure to hypoxia. This lack of compromise supports the adequate availability of ATP. Thus, the insulin resistance of the fatty acid and glucose transport systems in the IUGR and PNGR groups perhaps maintains a balance between the enhanced macronutrient influx and oxidation against accumulation of macronutrients intracellularly, thereby protecting myocardial function. Thus, these key adaptations in myocardial macronutrient transport systems play a protective role in pregestational female adult offspring in countering myocardial failure by providing adequate fuel for ATP generation. Whether these key myocardial adaptations hold up during pregnancy, when a whole body state of insulin resistance ensues, requires future investigation.
We conclude that this is the first report of myocardial fatty acid transport system adaptations in adult pregestational female offspring exposed to early nutrient restriction. Given that the adult myocardial energy metabolism is predominantly reliant on fatty acids rather than glucose, key adaptations occur in fatty acid transporter protein expression and sarcolemma association targeted at preserving this macronutrient supply toward adequately fueling the ATP production necessary for myocardial performance. Perhaps myocardial priming to an early nutritional insult of a certain severity can offer protection and preservation of myocardial function upon reexposure to another environmental insult, namely hypoxia. The myocardial transporter adaptations incurred in response to the first insult may be responsible for preventing functional cardiac decompensation in the young pregestational female IUGR and PNGR adult. Furthermore, the metabolic inflexibility observed in response to exogenous insulin in the IUGR (FATP1 and GLUT4) and PNGR (FAT/CD36) young pregestational female may form a safeguard against the pathological intramyocardial accumulation of lipid or glycogen stores. These adaptations may provide the explanation for young females demonstrating resistance to myocardial dysfunction in response to early nutritional compromise and resultant growth failure.
